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Barlowite Cu4(OH)6FBr shows three-dimensional (3D) long-range antiferromagnetism, which is
fully suppressed in Cu3Zn(OH)6FBr with a kagome quantum spin liquid ground state. Here we
report systematic studies on the evolution of magnetism in the Cu4−xZnx(OH)6FBr system as a
function of x to bridge the two limits of Cu4(OH)6FBr (x=0) and Cu3Zn(OH)6FBr (x=1). Neutron-
diffraction measurements reveal a hexagonal-to-orthorhombic structural change with decreasing tem-
perature in the x = 0 sample. While confirming the 3D antiferromagnetic nature of low-temperature
magnetism, the magnetic moments on some Cu2+ sites on the kagome planes are found to be vanish-
ingly small, suggesting strong frustration already exists in barlowite. Substitution of interlayer Cu2+
with Zn2+ with gradually increasing x completely suppresses the bulk magnetic order at around x =
0.4, but leaves a local secondary magnetic order up to x ∼ 0.8 with a slight decrease in its transition
temperature. The high-temperature magnetic susceptibility and specific heat measurements further
suggest that the intrinsic magnetic properties of kagome spin liquid planes may already appear
from x > 0.3 samples. Our results reveal that the Cu4−xZnx(OH)6FBr may be the long-thought
experimental playground for the systematic investigations of the quantum phase transition from a
long-range antiferromagnet to a topologically ordered quantum spin liquid.
I. INTRODUCTION
A quantum spin liquid (QSL) can be briefly described
as a symmetric state without magnetic order emerg-
ing from strong quantum fluctuations in frustrated mag-
netic systems1–3. The quantum fluctuations are usually
enhanced by geometrical frustrations of magnetic ions,
which are commonly seen in, e.g., triangle, kagome or
pyrochlore lattices. Two-dimensional magnetic kagome
lattices have attracted a lot of interests in the search
for QSLs4. Theoretically, it has been shown that the
kagome system may exhibit various ordered state and
different QSL ground states5–18, such as chiral and Z2
QSL. These kagome QSLs are usually very close in en-
ergy19 and depend sensitively on the particular form of
the superexchange couplings, which render them difficult
to be tested experimentally.
Experimental progress in finding kagome QSLs has
been substantial. Among many kagome magnets, her-
bertsmithite ZnCu3(OH)6Cl2 shows several promising
properties of a QSL2. First of all, it consists of perfect
kagome Cu2+ (s = 1/2) planes that show no magnetic
order down to at least 20 mK20–23. Inelastic neutron
scattering (INS) experiments display broad dispersion-
less magnetic excitations that are consistent with spinon
continuum expected in QSLs24. Later nuclear magnetic
resonance (NMR) and INS experiments suggest that the
system may be gapped25,26. Interestingly, previous stud-
ies have suggested that herbertsmithite may be close to
a quantum critical point (QCP)27. However, it is later
found that the low-energy spin excitations (< 1 meV) are
dominated by the so-called ”impurities” of residual in-
terlayer Cu2+ ions due to imperfect substitution of inter-
kagome Cu by Zn26,28. Moreover, Cu4(OH)6Cl2, the base
material that leads to herbertsmithite, has at least four
polymorphs with different nuclear structures that are all
different from herbertsmithite and have different mag-
netic orders29–39. INS experiments also do not support
the presence of a QCP in the ZnxCu4−x(OD)6Cl2 system
since the antiferromagnetic (AF) order in the x = 0 sam-
ple becomes spin-glass-like with increasing x before the
QSL is established in the x = 1 sample37.
Recently, a new compound of Cu3Zn(OH)6FBr has
been synthesized to exhibit properties that are consis-
tent with a Z2 QSL
40–42. This compound is obtained by
substituting interlayer Cu2+ in barlowite Cu4(OH)6FBr
with nonmagnetic Zn2+. The barlowite has perfect Cu2+
kagome planes with an AF transition at about 15 K43–45.
Since the barlowite and Cu3Zn(OH)6FBr have the same
space group for the crystal structures at room tempera-
ar
X
iv
:1
71
2.
06
73
2v
3 
 [c
on
d-
ma
t.s
tr-
el]
  6
 O
ct 
20
18
2ture, it may provide us a rare opportunity to study the
quantum phase transition from an AF ordered state to
a QSL ground state by continuously tuning Zn substi-
tution level. Therefore, the Cu4−xZnx(OH)6FBr system
may provide the long-thought experimental playground
for the investigation of novel quantum phase transitions
between symmetry-breaking phases and symmetric topo-
logically ordered phases.
In this paper, we systematically investigate the mag-
netic properties of the Cu4−xZnx(OH)6FBr system. Our
results suggest that Zn can indeed be continuously doped
into barlowite and suppress the long-range AF order.
However, a hexagonal-to-orthorhombic structural change
is observed in barlowite, and the low-temperature mag-
netic structure is directly associated with the orthorhom-
bic structure. According to x-ray diffraction and mag-
netic susceptibility measurements, we find that the in-
terlayer Cu2+ ions result in lattice distortion and a local
magnetic order up to x= 0.82. However, the specific-heat
measurements suggest that the bulk three-dimensional
(3D) antiferromagnetic order should disappear around
x = 0.4 and the spin dynamics of QSL kagome planes
may already start to evolve from x > 0.3, which finally
leads to a gapped QSL in Cu3Zn(OH)6FBr. Putting
these information together, our comprehensive results
suggest that the Cu4−xZnx(OH)6FBr system host rich
physics of the interplay of frustration, antiferromagnetic
order as well as the topologically ordered QSL.
II. EXPERIMENTS
Powders of Cu4−xZnx(OH)6FBr were synthesized
by a hydrothermal method. We sealed powders of
Cu2(OH)2CO3 (1.5 mmol), NH4F (1 mmol), ZnBr2
(xnom mmol) and CuBr2 (1-xnom mmol) in a 50-ml reac-
tion vessel with half water, where xnom is the nominal Zn
content. The vessel was slowly heated to 200 ◦C and kept
for 12 hours before cooling down to room temperature.
Powders of Cu4−xZnx(OH)6FBr were obtained by dry-
ing the products. The Zn content is determined by the
inductively coupled plasma mass spectrometer (Thermo
IRIS Intrepid II) with an uncertainty of about 4%. It
should be noted for the Cu3Zn(OH)6FBr, the Zn con-
tent is determined to be about 0.92. We will use the
actual Zn substitution level throughout the paper, so
the x = 0.92 sample is equivalent to Cu3Zn(OH)6FBr
reported previously40,42. To obtain the deuterated sam-
ples, the mixture is changed to CuO, ZnF2, ZnBr2 and
CuBr2, and we use heavy water instead. The con-
tent of H is less than 2% according to the NMR mea-
surement. The magnetic susceptibility and heat capac-
ity were measured by the magnetic property measure-
ment system (MPMS) and physical property measure-
ment system (PPMS, Quantum Design), respectively.
The structures of the Cu4−xZnx(OH)6FBr system were
measured at room temperature by the x-ray diffractome-
ter (Rigaku Ultima IV) with Cu Kα radiation and a
scintillation counter detector. The magnetic and nuclear
structures of Cu4(OD)6FBr are determined by neutron-
diffraction experiments performed on the SPODI diffrac-
tometer at FRM-II, Germany and the HB-2A diffrac-
tometer at HFIR, USA with wavelengths of 1.5483 A˚and
2.4103 A˚, respectively.
III. RESULTS
A. Nuclear and magnetic structures in
Cu4(OH)6FBr
Figures 1(a)-1(c) show the neutron-diffraction and re-
finement results of Cu4(OD)6FBr at 300, 20 and 3.3 K,
respectively47. The refinement of the data at 3.3 K has to
include an AF structure as discussed later in this section.
The nuclear structure at room temperature is found to be
the same as reported previously43 with parameters shown
in Table I(a). At 20 K that is above TN , the data can be
well described by an orthorhombic structure (Pnma) as
shown in Table I(b). Recently, an orthorhombic structure
with a different space group Cmcm was reported for the
single-crystal barlowite48. Figure 1(d) shows the compar-
ison between the calculated results of these two structures
at 20 K on our sample, where the Cmcm structure can-
not describe the data. This discrepancy may come from
the different methods used to prepare the samples.
Figure 2(a) depicts the change in the structure in the
view vertical to the kagome planes. According to the
low-temperature structure, we label the three Cu2+ ions
in the kagome planes as Cu(1), Cu(2a), and Cu(2b), the
interlayer Cu2+ as Cu(3). At room temperature, the first
three of them are symmetrically equivalent [Cu1 in Table
I(a)] and forms an equilateral triangle. Cu(3) [Cu2 in
Table I(a)] has three equivalent positions with an average
position at the center of the triangle, as shown in the left
panel of Fig. 2(a). The distribution of Cu(3) ions is
presumably random. At 20 K, this random distribution
is replaced by a regular pattern as shown in the right
panel of Fig. 2(a) and the position of Cu3 in Table I(b).
In the meantime, the positions of Cu(2a) and Cu(2b),
which are symmetrically equivalent in the Pnma space
group and labeled as Cu2 in Table I(b), are distorted
both within and out of the kagome plane whereas that
of Cu(1) [Cu1 in Table I(b)] remains unchanged. The
new unit cell is defined according to the positions of the
Cu(1) ions.
Figure 2(b) gives the values of the Cu-O bond
lengths and Cu-O-Cu angles at 20 K. According to the
Goodenough-Kanamori rule49,50, the nearest-neighbour
superexchange changes from positive (antiferromagnetic)
to negative (ferromagnetic) when the Cu-O-Cu angle
goes through about 95◦51. The Cu-O-Cu angles among
Cu(3) and three other Cu2+ have values both larger and
smaller than 95◦ at 20 K, suggesting very complicated
superexchange couplings.
Figure 2(c) shows the temperature dependence of
3FIG. 1. Neutron powder diffraction intensities of
Cu4(OD)6FBr (red dots) at (a) 300 K, (b) 20 K, and (c) 3.3
K measured at SPODI. The calculated intensities are shown
by the black lines. Short vertical green and red lines repre-
sents nuclear and magnetic Bragg peak positions, respectively.
The blue line shows the difference between measured and cal-
culated intensities. The weighted profile R-factor (Rwp) is
4.22%, 4.46%, and 4.29% for (a) - (c), respectively. (d) Com-
parison between the calculated intensities of the Pnma (red)
and Cmcm (blue) structures at 20 K. The labeled peaks are
in the Pnma notation and cannot be indexed in the Cmcm
structure.
the intensity of the (1,0,2)O structural peak in the or-
thorhombic notation, which appears below about 270 K
and slowly increases with decreasing temperature until
about 200 K. As discussed above, the structural change
from high temperature to low temperature is associated
with a particular position chosen by Cu(3) from three
equivalent positions. Since the position of Cu(3) is ran-
domly distributed among these three positions at room
temperature, it follows that Cu(3) ions should be able
to resonate among them above 200 K so that their po-
sitions are not random any more at low temperatures.
FIG. 2. (a) Nuclear structure at 300 K (left) and 20 K (right)
in the view vertical to the kagome plane. The diamond and
rectangle are in-plane unit cells at 300 and 20 K, respectively.
The subscripts of ”H” and ”O” denote hexagonal and or-
thorhombic structures, respectively. We note that the c axis
at room temperature becomes the b axis at low temperatures.
The three overlapping Cu atoms at 300 K represent three po-
sitions that the atom may actually occupy. (b) Detailed low-
temperature structure showing only Cu (large blue circles)
and O (small red circles) in the view parallel to orthorhombic
b (left) and orthorhombic a (right), respectively. (c) Temper-
ature dependence of the (1,0,2)O structural peak measured at
HB-2A. The inset shows 2θ scans around this peak at 20 and
300 K.
At the current stage due to the lack of thermodynamic
evidence, we are unable to distinguish whether this struc-
tural change is a phase transition or rather a crossover
resulting from increasing distortion with decreasing tem-
perature.
Assuming that there is no structural transition below
20 K, we find that the neutron-diffraction data at 3.3 K
4FIG. 3. (a) The three magnetic peaks obtained by subtracting
the 20-K data from the 3.3-K data. The solid lines are calcu-
lated results of three types of magnetic structures. The inset
shows the refined results of raw data measured at SPODI. The
subscript ”M” denotes the magnetic structure. (b) Tempera-
ture dependence of (0,0,1)M (open red squares) and (1,0,1)M
(filled blue circles) magnetic peaks measured at HB-2A. The
solid lines are the fitted results as described in the main text.
(c) Magnetic structure with the arrows indicating the sizes
and directions of magnetic moments on Cu(3) ions (red and
orange balls). The yellow and blue balls are Cu(1) and Cu(2)
ions, respectively, whose structures cannot be determined as
discussed in the main text. The dashed black lines indicate
the magnetic unit cell with the origin shifted.
(a) Site x y z B (A˚2)
Cu1 6g 0.00000 0.50000 0.00000 1.403(2)
Cu2 6h 0.36993 0.63007(15) 0.750000 1.089(5)
Br 2c 0.66667 0.33333 0.75000 1.788(3)
F 2b 0.00000 0.00000 0.750000 2.137(4)
O 12k 0.20234 0.79766(7) 0.90850(7) 1.271(2)
D 12k 0.13470 0.87530(7) 0.86677(8) 2.235(2)
(b) Site x y z B (A˚2)
Cu1 4a 0.00000 0.00000 0.00000 0.784(3)
Cu2 8d 0.25076(21) 0.51109(17) 0.24514(28) 0.728(2)
Cu3 4c 0.18593(19) 0.25000 0.05766(24) 0.856(3)
Br 4c 0.33072(23) 0.25000 0.50431(50) 0.766(2)
F 4c 0.49753(30) 0.25000 0.00719(70) 1.107(3)
O1 8d 0.29741(16) 0.09595(23) 0.00115(45) 0.753(3)
O2 8d 0.10228(24) 0.09210(28) 0.19800(41) 0.772(4)
O3 8d 0.40066(25) 0.58780(26) 0.30230(39) 0.755(4)
D1 8d 0.37649(15) 0.13516(26) 0.00117(39) 1.543(4)
D2 8d 0.06257(25) 0.13019(26) 0.31516(39) 1.619(5)
TABLE I. Nuclear structure parameters of Cu4(OD)6FBr.
(a) At 300 K, P63/mmc (No. 194): a = b = 6.6760(7) A˚,
c = 9.2952(13)A˚, α = β = 90◦, γ = 120◦. Rp : 4.25%,
Rwp : 4.22%, χ2 : 7.55. (b) At 20 K, Pnma (No. 62):
a = 11.5129(42) A˚, b = 9.2703(33) A˚, c = 6.6801(28) A˚,
α = β = γ = 90◦ Rp : 3.50%, Rwp : 4.40%, χ2 : 13.2.
[Fig. 1(c)] can be refined by introducing an AF order.
To be more explicit, the inset of Fig. 3(a) shows the
neutron-diffraction data and the refinement results for
the first three peaks with lowest angles. Two new peaks
at (110)O and (001)O emerge at 3.3 K, which are for-
bidden in the orthorhombic structure. The intensity of
the (101)O peak significantly increases from 20 to 3.3 K.
The main panel of Fig. 3(a) gives the subtracted results,
which clearly shows three magnetic peaks. Figure 3(b)
shows the temperature dependence of the intensities of
two peaks, which is consistent with the AF transition at
about 15 K reported previously43, suggesting their mag-
netic origin. Within the statistics, only one magnetic
transition is observed. With TN fixed at 15.5 K deter-
mined by the specific heat measurements as shown in the
next section, the intensities of the (0,0,1)M and (1,0,1)M
AF Bragg peaks can be fitted by A(1−T/TN )2β with β as
0.39 ± 0.06 and 0.33 ± 0.04, respectively. These values
of the order parameter critical exponent are consistent
with the 3D Heisenberg universality52.
With only three magnetic peaks observed, the mag-
netic structure cannot be unambiguously determined.
Symmetry analysis of the different possible magnetic
structures is performed using SARAh53, which gives the
propagation vector k19 = (0,0,0). Representational anal-
ysis on three copper sites gives eight irreducible repre-
sentations (IRs), where IR-7 gives the best refinement
results. After trying different models, the following con-
5clusions can be made. First, the magnetic unit cell is
the same as the orthorhombic one. Therefore, the po-
sitions of the (110)O, (001)O and (101)O peaks in the
inset of Fig. 3(a) are the same as those of the (110)M ,
(001)M and (101)M peaks in the main panel of Fig. 3(a).
Second, the moments on all copper sites are always con-
fined within kagome planes, i.e., the ac plane in the or-
thorhombic structure. Third, the magnetic structures of
the Cu(3) ions are always the same with the moment di-
rection along the orthorhombic a axis, as shown in Fig.
3(c). The magnetic moment is about 0.66(7) µB , which
changes little in different models.
Although the magnetic configurations of the Cu(1) and
Cu(2) ions cannot be determined, we give three examples
of refinement results, as shown by the solid lines in Fig.
3(a). In the M1 configuration, the moments at the Cu(1)
and Cu(2) ions are fixed to be the same and their direc-
tions rotate simultaneously. The value of the moments is
found to be about 0.182(35) µB with the moment direc-
tion about 30◦ away from the orthorhombic a axis. In the
M2 configuration, the moment at the Cu(2) ions is set to
zero. The value of the moment is about 0.39(22) µB , but
the direction is rather arbitrary. In the M3 configuration,
the directions of the Cu(1) and Cu(2) moments are set
to be along the orthorhombic a axis, the same as that of
the Cu(3) moment. The values of the moments on the
Cu(1) and Cu(2) ions are 0.329(76) µB and 0.079(37) µB ,
respectively. Although M3 gives the best fit, it cannot be
really distinguished from the other configurations within
the error bars. In any case, the average moment of Cu(1)
and Cu(2) is much smaller than that of Cu(3), which is
why the magnetic structure of Cu(3) ions can be settled.
B. Evolution of the antiferromagnetic order with
Zn substitution
Figure 4(a) shows the room-temperature x-ray diffrac-
tion data of Cu4−xZnx(OH)6FBr with different x’s from
0 to 0.92. Since there is no new peak appearing with
Zn substitution, one can conclude that Zn can be con-
tinuously doped into barlowite. All the data can be re-
fined by the hexagonal structure with the space group
of P63/mmc. Figure 4(b) gives the substitution evolu-
tion of lattice constants aH and cH , both of which change
little with substitution. As discussed in the previous sub-
section, the interlayer Cu2+ in barlowite has to be refined
with three equivalent positions. One can define ∆ as the
distance from one of these positions to the center of their
average positions as shown by the inset of Fig. 4(c). The
value of ∆ continuously decreases with increasing x and
becomes zero in the x = 0.92 sample, as shown in Fig.
4(c). The Cu-O-Cu angle between Zn2+ or Cu2+ at the
Cu(3) position and other Cu2+ ions on kagome planes of
the x = 0.92 sample is 94.73◦ at 4 K according to our
previous measurements42, which will give nearly zero su-
perexchange couplings51. Therefore, it seems that the
presence of residual interlayer Cu2+ will not affect the
FIG. 4. (a) Room-temperature x-ray diffraction data of se-
lected Cu4−xZnx(OH)6FBr samples. The intensity axis is
plotted with the logarithmic scale. (b) Evolution of lattice
constants with Zn substitution level x at room temperature.
We note that aH = bH . (c) Doping dependence of the split-
ting ∆ of Cu(3) from its average position as defined in the
inset.
spin dynamics of the kagome layers as far as its content
is less than 10%. It should be noted the above analysis
has assumed that Zn2+ only substitutes interlayer Cu2+.
At the current stage, we cannot exclude the possibility
that a few amounts of Zn2+ may substitute Cu2+ within
the kagome planes25,54,55.
The AF transition in barlowite can be observed in spe-
cific heat as shown in Fig. 5(a), which is similar as re-
ported previously43. In the x = 0.92 sample, a hump
is found in C/T as indicated by the star symbol in Fig.
5(a)40 , which has been attributed to the contribution
from residual interlayer Cu2+ in herbertsmithite26. With
decreasing Zn content, the hump does not disappear but
moves to higher temperature with little change in the in-
tegrated area. On the other hand, starting from the x
= 0 sample, the AF transition can be still seen in the x
= 0.12 sample, but becomes indistinguishable due to the
presence of the hump at low temperatures for x ≥ 0.3.
We may estimate the contribution of this hump by
analyzing the entropy change ∆S during the magnetic
transition. The high-temperature data are fitted by a
simple polynomial function Cbg = αT
2 + βT 3 as per-
formed previously43. The range has been chosen from 30
K to about 5 K higher than TN for x < 0.23 or 15 K for
others. The magnetic part of the specific-heat CM asso-
6FIG. 5. (a) Low-temperature specific heat of
Cu4−xZn(OH)6FBr. All the samples were measured
down to 2 K except for the x = 0.92 sample, which has
already been reported previously40. The arrows indicate
the bulk magnetic transition temperature TN , which is
determined as the middle point of the drop of ∆C/T during
the transition. The low-temperature hump for the x = 0.92
sample is indicated by the star symbol. (b) Temperature
dependence of ∆S as defined in the main text. The red filled
circles are results considering C/T above 2 K, whereas the
temperature in obtaining the data of the blue open squares is
down to 50 mK. (c) Field dependence of magnetization at 2
K for selected samples at low fields. (d) Doping dependence
of retentivity MR. The solid line is an exponential fit. (e)
Low-temperature magnetic moments of Cu4−xZnx(OH)6FBr
measured by the field-cooling process at 50 Oe. The solid
lines are fitted results as described in the main text. The
inset shows the data with the logarithmic scale. (f) Doping
dependence of TN from specific heat (T
C
N , red squares) and
susceptibility (TMN , blue circles) measurements. The TN of
the x = 0.92 sample is manually set as zero. The dashed
lines are guides to the eye.
ciated with the AF order can be obtained by subtracting
Cbg from the raw data. It should be noted that a sub-
stantial magnetic contribution to the specific heat should
be present above TN as discussed in the following sub-
section and the quadratic term in Cbg may be associated
with it43. ∆S can thus be obtained by integrating CM/T
from 0 to 20 K, assuming that CM/T (T = 0K) = 0,
which is the case for either the AF ordered or the QSL
ground state. However, we have only measured the spe-
cific heat down to 2 K for most of the samples as shown
in Fig. 5(a). The above process will significantly un-
derestimate the contribution below 2 K for samples with
large x since the hump temperature becomes lower than
2 K. We have measured the specific heat of the x = 0.92
sample down to 50 mK, which can give us a more precise
value of ∆S as shown by the blue square in Fig. 5(b).
A rough linear substitution dependence of ∆S from the
low-substitution samples to the x = 0.92 sample is found,
suggesting that the hump contribution of ∆S is rather in-
dependent of substitution. Therefore, the actual entropy
change in ∆S in barlowite is just about 1.38 J/mol/K,
which corresponds to 0.06 kB ln 2 per Cu
2+, only about
one-third of that reported previously43.
Figure 5(c) shows low-temperature field dependence of
magnetization M at 2 K. Ferromagnetic-like hysteresis
can be found in all the samples except for the x = 0.92
one. The substitution dependence of retentivity MR, i.e.,
the magnetization at the zero field after the magnetic
field is removed, is shown in Fig. 5(d), where MR de-
creases exponentially with increasing x. The presence
of ferromagnetic like hysteresis most likely comes from
the domains formed at low temperature due to the or-
thorhombic structure. The exponential decrease in MR
suggests that either the energy required for overcoming
the domain walls or the ferromagnetic-like component of
the bulk order decreases quickly with increasing x.
Figure 5(e) shows the temperature dependence of mag-
netic moment M below 25 K at 50 Oe. The low-
temperature signal decreases dramatically with increas-
ing x, but we can still observe magnetic transitions
for samples with x up to 0.82. Fitting the data with
A(1− T/TN )β gives the substitution dependence of TMN
in Fig. 5(f), where TMN only decreases slightly with in-
creasing x and suddenly become zero at x = 0.92. On
the other hand, TCN , obtained from the specific heat mea-
surements in Fig. 5(a), decreases quickly with Zn substi-
tution and may becomes zero around x = 0.4. It should
be pointed out that this value is very subjective and since
we cannot observe T cN around x = 0.4. Further studies
are thus needed to identify the exact substitution level.
C. High-temperature and high-field properties of
Cu4−xZnx(OH)6FBr
Figure 6(a) shows the temperature dependence of 1/χ
of Cu4−xZnx(OH)6FBr. The high-temperature data
from 150 to 300 K can be fitted by the Curie-Weiss func-
tion as χ = CCW /(T − θCW ). The Curie constant CCW
decreases linearly with increasing substitution, as shown
in Fig. 6(b), which suggests that it is associated with
the content of Cu2+ ions. However, the absolute value of
the Curie temperature θCW only starts increasing above
x = 0.3, which is consistent with what is observed in
the ZnxCu4−x(OH)6Cl2 system20. This implies there is
a substantial change in the nature of magnetic interac-
tions in the system from x > 0.3, and we believe it is
related to the appearance of the magnetic properties of
the kagome QSL plane from x > 0.3 onwards.
7FIG. 6. (a) Temperature dependence of 1/χ for
Cu4−xZnx(OH)6FBr. The dashed lines are fitted results be-
tween 150 and 300 K. (b) Doing dependence of the Curie
temperature θCW (left axis) and Curie constant CCW (right
axis). (c) Field dependence of magnetization at 2 K for se-
lected samples at high fields. The dashed lines are linear
fitted results from 30 to 50 KOe. (d) Doping dependence of
slope B fitted from (c). (e) High-temperature specific heat
of selected samples. (f) Doping dependence of C(x)/C(0) at
several temperatures.
Figure 6(c) shows high-field magnetization at 2 K. The
data between 30 and 50 KOe can be fitted by a linear
function as A + BH. We note that similar measure-
ments on the single crystal of barlowite have shown large
anisotropy for fields parallel and perpendicular to the c
axis, but the slopes in the above field range are rather the
same45. Figure 6(d) shows substitution dependence of B,
which starts decreasing above x = 0.3. This is consistent
with the strengthening of antiferromagnetic correlations
as indicated by the increasing in |θCW |.
Figure 6(e) shows the specific heat data up to 150 K.
Apart from low-temperature differences due to the pres-
ence of the AF order and hump [Fig. 5(e)], the high-
temperature data also show different behaviors. Fig-
ure 6(f) plots the substitution dependence of C(x)/C(0),
where C(x) and C(0) are the specific heat with Zn sub-
stitution levels of x and zero, respectively. This value
roughly decreases monotonically with x for T > 60 K,
which suggests that the high-temperature specific heat
may be dominated by phonons. However, a dip is found
at x = 0.3 for those at lower temperatures, indicating
that there is a contribution from the kagome QSL plane
as suggested in Fig. 6(b) and 6(d). This is also consistent
with the observation that only a small amount of entropy
is involved during the magnetic transition in barlowite as
shown in the previous section.
IV. DISCUSSIONS
Our results provide a comprehensive picture of the
magnetic order in barlowite. The establishment of the
AF order is directly associated with the structural dis-
tortion at high temperatures, which is the reason that
the magnetic structure in Fig. 3 is different from the in-
correctly proposed canted antiferromagnetic order based
on the first-principles calculation44 without knowing the
structural change. It is interesting to note that three
different magnetic structures have been proposed for the
clinoatacamite Cu2(OH)3Cl
37–39. In our case, the mag-
netic structure in the M3 configuration is consistent with
results from bulk measurements on barlowite. For exam-
ple, the magnetic entropy associated with the magnetic
transition is just about 0.06 kB ln 2 per Cu
2+. In the
simplest model, the magnetic entropy is proportional to
M2, i.e., the square of the magnetic moment56. Here the
sum of the ordered moments of four Cu2+ ions in the M3
configuration is 1.076 µB , whereas the total moment is
4gS = 4.54 µB , taking g = 2.27 and S = 1/2
43. There-
fore, the entropy release above the transition is about
5.6% of kB ln 2, which is very close to the experimen-
tal value. Moreover, in the magnetic measurements on
the single crystal, the hysteresis loop is only observed
when H⊥c but not for H//c as shown in the single crystal
measurements45, which is consistent with our results that
the magnetic/structural domains only present within the
kagome planes. When the magnetic field is parallel to
the c axis, a saturation moment of 0.29 µB per Cu is
found45. Although it is attributed to full polarization of
the interlayer Cu2+, we find that this value is close to the
sum of the ordered moments in the M3 configuration.
The presence of interlayer Cu2+ ions may result in lo-
cal lattice distortions that will give rise to the magnetic
order even when the Zn substitution level is high. This
picture is consistent with our observation of magnetic or-
der in magnetic measurements and low-field hysteresis up
to x = 0.82, almost substitution independent of TMN . It
also coincides with the nuclear structure refinement re-
sults at room temperature, which suggests that the split-
ting of ∆ of Cu(3) is not zero even when x is as large
as 0.82. However, the results from the specific-heat mea-
surements provide another picture where the magnetic
order may have already become zero for x larger than
0.4. Since specific heat is a bulk property, it suggests that
the magnetic order established at TMN is just a secondary
phase. This is consistent with our high-temperature and
high-magnetic-field results, which suggest that the spin
dynamics of the QSL kagome plane may indeed start to
appear with Zn substitution level x > 0.3.
Based on these analyses, the magnetic properties in
the Cu4−xZnx(OH)6FBr system can be divided into two
parts, the one associated with the kagome planes (and
8thus bulk) and the one associated with interlayer Cu2+
moments (and thus local). In very low substitution
samples, the two parts are strongly coupled and can-
not be separated, hence the 3D antiferromagnetic or-
der is formed. With increasing Zn substitution, the bulk
magnetic order is quickly suppressed and may disappear
around x ∼ 0.4, but the local magnetic order persists up
to x = 0.82 without much change in its TN . It is worth
noting that in both the herbertsmithite and the x = 0.92
samples, the spin excitations can be indeed separated into
these two independent parts26,28,42.
The suppression of bulk magnetic order gives rise to
two possible scenarios. In the first one, a magnetic
QCP is present around x ∼ 0.4, which suggests that
Cu4−xZnx(OH)6FBr may provide us the long-thought
opportunity to study the quantum phase transition from
a magnetic ordered state to a QSL state. On the
other hand, it is also possible that the Z2 QSL state in
Cu3Znx(OH)6FBr is very robust against interlayer mag-
netic impurities so that it may persists up to very low
Zn substitution. In this case, the disappearance of the
bulk magnetic order may be associated with a first-order
quantum phase transition or even phase separation be-
tween the 3D AF order and the QSL. It should be noted
that since the x = 0 and x =0.92 samples have differ-
ent structures at low temperatures, it will be interesting
to see whether the quantum transition around x = 0.4
happens within the same nuclear structure or not. In
any case, the physics is rich and interesting, and further
studies are needed to clarify the situation.
V. CONCLUSIONS
Our systematical investigation on the Zn substitu-
tion effect on the antiferromagnetism in the kagome
Cu4−xZnx(OH)6FBr system have revealed three major
conclusions. First, the magnetic order in barlowite is
associated with a hexagonal-to-orthorhombic structural
change. Second, Zn substitution leads to local lattice
distortion and may give rise to phase separation and re-
sult in a bulk magnetic order and a local magnetic order.
Third, an evolution of spin dynamics on the kagome QSL
planes may result in a quantum phase transition around
x = 0.4 between 3D AF order and QSL. Our results
suggest that Cu4−xZnx(OH)6FBr is an interesting sys-
tem and an experimental playground to investigate the
intriguing physics of kagome antiferromagnets, and pos-
sibly realize the long-thought situation where quantum
phase transition between symmetry-breaking and topo-
logically ordered phases. Further works are definitely
needed to explore the rich physics in these kagome com-
pounds.
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